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The exocyst protein complexmediates vesicle fusion with the plasmamembrane. By expressing an (X)FP-tagged Arabidopsis

thaliana homolog of the exocyst protein Exo70 in suspension-cultured Arabidopsis and tobacco (Nicotiana tabacum) BY-2

cells, and using antibodies specific for Exo70, we detected a compartment, which we term EXPO (for exocyst positive

organelles). Standardmarkers for the Golgi apparatus, the trans-Golgi network/early endosome, and themultivesicular body/

late endosome in plants do not colocalize with EXPO. Inhibitors of the secretory and endocytic pathways also do not affect

EXPO. Exo70E2-(X)FP also locates to the plasma membrane (PM) as discrete punctae and is secreted outside of the cells.

Immunogold labeling of sections cut from high-pressure frozen samples reveal EXPO to be spherical double membrane

structures resembling autophagosomes. However, unlike autophagosomes, EXPOs are not induced by starvation and do not

fuse with the lytic compartment or with endosomes. Instead, they fuse with the PM, releasing a single membrane vesicle into

the cell wall. EXPOs are also found in other cell types, including root tips, root hair cells, and pollen grains. EXPOs therefore

represent a form of unconventional secretion unique to plants.

INTRODUCTION

The exocyst is an octameric protein complex, first discovered in

yeast (Novick et al., 1980; TerBush et al., 1996) and subsequently

in mammals (Hsu et al., 1996), which mediates post Golgi vesicle

fusion with the plasma membrane (PM) (Hsu et al., 2004; He and

Guo, 2009). Of the eight proteins, seven (Sec5, Sec6, Sec8,

Sec10, Sec15, Exo70, andExo84) are associatedwith the vesicle

membrane, whereas Sec3 and Exo70 are recruited to the PM via

binding to phosphatidyl (4,5) biphosphate (He et al., 2007; Zhang

et al., 2008). Exocyst assembly and function is mediated by the

Rho family of GTPases (Hsu et al., 2004; Roumanie et al., 2005).

Exocyst components are normally restricted to the tips of grow-

ing buds in yeast (TerBush and Novick, 1995) and in mammalian

cells are recruited to regions of the PM where active exocytosis

and membrane growth is occurring, such as the growing front of

migrating cells (Zuo et al., 2006). Indeed, it has been proposed

that the positioning of bound Sec3 and Exo70 mediates the

targeting of secretory vesicles to particular domains of the PM

(Orlando and Guo, 2009). However, in mammals, exocyst pro-

teins have also been found associated with the trans-Golgi

network (TGN) (Yeaman et al., 2001; Langevin et al., 2005) and

with recycling endosomes (Prigent et al., 2003; Oztan et al.,

2007).

Homologs to all eight exocyst proteins have been found in

plants (Elias et al., 2003; Chong et al., 2010; Hála et al., 2008), but

interestingly, there are over 23 paralogs of Exo70 in Arabidopsis

thaliana, with Exo70A1 being the most abundant (Synek et al.,

2006). It has recently been proposed by Zárský et al. (2009) that

the large number of Exo70 proteins, together with the greater

number of SNAREs and Rab GTPases (Rutherford and Moore,

2002; Lipka et al., 2007), reflect an increased variability in

targeting domains for vesicle traffic in plant cells. Nevertheless,

ArabidopsisSec6, Sec8, andExo70A1 have been localized to the

tips of growing pollen tubes (Cole et al., 2005; Hála et al., 2008),

and Sec3 and Exo70A1 appear to play crucial roles in polarized

secretion in elongating root hairs (Wen et al., 2005) and in the

stigma toward compatible pollen (Samuel et al., 2009).

In this article, we report on the distribution of one of the

Arabidopsis Exo70 paralogs: Exo70E2. Not only does this exocyst

protein locate to the PM in discrete punctate domains, but it is

present in the unique double membrane structures that we term

EXPO (for exocyst positive organelles). These structures are not

labeled by any of the standard endomembrane markers used for

identifying the Golgi apparatus, the TGN, or multivesicular body

(MVB), nor do they become labeled with the endocytic tracer dye
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FM4-64 and do not colocalize with Atg8e, an autophagosome

marker. They are also not affected by inhibitors of secretion

(brefeldin A) or endocytosis (wortmannin). In high-pressure frozen/

freeze-substituted samples of both Arabidopsis and tobacco

(Nicotiana tabacum) BY-2 cells, we have been able to visualize

stages in the fusion of EXPOwith the PM, leading to the release of

a cytosol-containing membrane vesicle outside of the PM. These

structural observations are supported by following the fate of a

cytosolically expressed protein, which associates with EXPO and

subsequently is detectableoutside of the cell. Per definition, EXPO

is therefore an exosome but has a different origin to those

described in mammalian cells (Denzer et al., 2000; Simons and

Raposo, 2009).

RESULTS

Expression of (X)FP-Tagged Exo70 Paralogs in

Arabidopsis Protoplasts

We prepared green fluorescent protein (GFP)- and red fluores-

cent protein (RFP)-tagged constructs of eight of the 23 Arabi-

dopsis Exo70 paralogs and expressed them in protoplasts

obtained from Arabidopsis suspension cultured cells under the

control of the 35S promoter and the 39Nos terminator. Only three

of these constructs, Exo70A1, Exo70B1, and Exo70E2, gave rise

to punctate fluorescence located both at the PM and within the

cytoplasm (see Supplemental Figures 1 and 2 online). All of the

other constructs (Exo70B2, Exo70D1, Exo70D2, Exo70E1, and

Exo70F1) lead to pronounced cytosolic signals (see Supple-

mental Figure 1 online). The punctate fluorescent signals

produced by the coexpression of Exo70A1-GFP and Exo70E2-

mRFP colocalized, as did the signals from the coexpression of

Exo70B1-GFP and Exo70E2-mRFP (see Supplemental Figure

2A online). Because of the consistency and clarity of labeling, we

restricted our observations to Exo70E2 for the rest of this

investigation. Coexpression of different combinations of C- and

N-terminally (X)FP-tagged Exo70E2 showed that neither the

distribution nor the size of the fluorescent punctae is affected

by the position or type of fluorescent tag (see Supplemental

Figure 2B online).

Exo70E2 Labels the PM and Organelles That Do Not Lie on

the Secretory or Endocytic Pathways

We coexpressed Exo70E2-(X)FP in Arabidopsis protoplasts with

fluorescent marker proteins characteristic for the Golgi appara-

tus (ManI-RFP; Nebenführ et al., 1999; Tse et al., 2004), the

prevacuolar compartment/late endosome (PVC/LE) (VSR2; Miao

et al., 2006), the TGN/early endosome (EE) (SYP61 and SYP42;

Sanderfoot et al., 2001; Uemura et al., 2004; Lamet al., 2007), the

tonoplast (VIT1; Kim et al., 2006), and the PM. The cytosolic

fluorescent punctae of Exo70E2 did not colocalize with any of the

standard endomembrane markers (Figures 1A to 1E; see Sup-

plemental Figure 3 online). However, a clear localization to the

PM in the form of discrete punctae was observed (Figure 1F).

We examined this novel expression pattern by applying known

inhibitors of the secretory and endocytic pathways in plants

(Robinson et al., 2008a, 2008b). We first applied brefeldin A

(BFA), which blocks the function of guanine-nucleotide ex-

change factors for ADP-ribosylation factor GTPases and in-

terferes with vesicle trafficking (Anders and Jürgens, 2008).

However, since theArabidopsis protoplasts were prepared from

a suspension culture originally derived from roots, BFA did not

cause the cis-Golgi marker ManI-mRFP to redistribute into the

endoplasmic reticulum (ER) (Figure 2A). This is because Arabi-

dopsis root cells, unlike tobacco cells, have a Golgi-localized

BFA-resistant guanine-nucleotide exchange factor for ADP-

ribosylation factor GTPases (Richter et al., 2007; Teh and

Moore, 2007). Nevertheless, a slight aggregation of the Golgi

signal was registered, although this effect was not shared by the

Exo70E2-GFP signal. Similarly, a small enlargement of the TGN

signal (from mRFP-SYP61) resulted from BFA treatment, but

again the Exo70E2-GFP was unaffected (Figure 2B). We then

tried wortmannnin, which is known to block transport to the

vacuole (daSilva et al., 2005) and characteristically causes the

PVC/LE to dilate (Tse et al., 2004). Such an enlargement of

the PVC marker GFP-VSR2 was recorded for Arabidopsis pro-

toplasts upon treatment with wortmannin, but this had no effect

on the Exo70E2-GFP signal (Figure 2C). The punctate Exo70E2-

GFP signals were also completely unaffected by the overex-

pression of Sec12, which inhibits COPII vesicle formation at

the ER (Phillipson et al., 2001) and consequently leads to the

accumulation of Golgi enzymes (e.g., ManI-mRFP) in the ER

(Figure 2D). Disruption of the TGN, caused by treatment with the

V-ATPase inhibitor concanamycinA (ConcA; Dettmer et al., 2006),

was visualized using the endocytic cargo molecule SCAMP1 as

a marker (Lam et al., 2007; Lam et al., 2008), but again this treat-

ment also had no effect on the punctate Exo70E2-mRFP signal

(Figure 2E).

Since the experiments just described were performed on

protoplasts transiently expressing Exo70E2 plus marker con-

structs, as a precautionary measure, we decided to repeat them

on stable cell lines of suspension-cultured Arabidopsis and

tobacco BY-2 cells expressing Arabidopsis Exo70E2-GFP. Es-

sentially, we obtained the same results. Immunofluorescent

signals obtained with antibodies against ManI, VSR2, and

SYP61 did not colocalize with the Exo70E2 signals in either cell

line (see Supplemental Figure 4 online). We were also able to

confirm that BFA did not affect the Exo70E2-GFP signals, neither

in Arabidopsis (Figure 3A, a) nor in BY-2 cells (Figure 3A, b), but

caused ManI-GFP–marked Golgi to form aggregates in BY-2

cells (Figure 3A, c). Wortmannin was also without affect in both

cell lines expressing Exo70E2-GFP (Figure 3B, d and e) but

elicited the typical PVC dilations (Figure 3B, f). The same was the

case with ConcA (Figure 3C, g and h) but also causing TGN

aggregation (Figure 3C, i).

Arabidopsis Exo70E2-Specific Antibodies Confirm Identity

of EXPO

Wegenerated two sets of antibodies (E2a and E2b) against either

an N-terminal synthetic peptide or a recombinant 300–amino

acid N terminus of Exo70E2, respectively. In immunoblots, these

antibodies recognized this domain but not the C terminus of

E. coli–derived recombinant proteins (Figure 4, lanes 20 and 21).
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Figure 1. Exo70E2 Localizes as Discrete Punctate Signals at the PM and in the Cytosol but Does Not Colocalize with Standard Organelle Markers.

Arabidopsis protoplasts were coelectroporated with Exo70E2-(X)FP, and the DNA of a single organelle marker as indicated. After 13 to 16 h of

expression, the protoplasts were observed by CLSM. Bar = 50 mm.
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In addition, we used either E2a or a GFP antibody that in

immunoblots was able to recognize a protein of the expected

molecular mass (100 kD) for Exo70E2-GFP fusion in the trans-

formed BY-2 and Arabidopsis cell lines with a more prominent

signal in the cytosolic than in the membrane fractions (Figure 4).

A similar prominent distribution of Exo70E2 proteins in the cell-

soluble fraction was also observed in wild-type Arabidopsis cells

(see Supplemental Figure 5B online). One can expect to detect

Exo70E2-GFP in both cell soluble and cell membrane fractions

as it is a cytosolic soluble protein located in both cytosol and

EXPO. The E2a antibodies were also able to detect endogenous

Exo70E2 (;75 kD) in the total protein fraction in both the wild-

type (lane 9) and transgenic (lane 10) Arabidopsis cell culture but

only after prolonged exposure periods (10 min) (Figure 4). This

was not possible with wild-type tobacco BY-2 cells. In addi-

tion, E2b antibodies also detected both Exo70E2-GFP and

Figure 2. EXPOs Are Not Affected by Secretory and Endocytosis Inhibitors in Protoplasts.

Arabidopsis protoplasts were coelectroporated with Exo70E2-(X)FP and marker organelle DNA as indicated and treated with either BFA, wortmannin

(1 h), or ConcA (13 h) before observing by CLSM. For inhibition of ER export, protoplasts expressing both Exo70E2-GFP and ManI-mRFP were

additionally electroporated with Sec12. DIC, differential interference contrast. Bar = 50 mm.
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endogenous Exo70E2 as well as a smaller protein at ;70 kD in

transgenic Arabidopsis cells (Figure 4, lane 19). This 70-kD

protein band was also detected by E2b antibodies in wild-type

Arabidopsis cells (see Supplemental Figure 5A online). Thus, to

avoid the possible unspecific labeling by E2b antibodies, we

mainly used E2a for immunofluorescence and immunogold

electron microscope (EM) labeling in this study, while anti-E2b

was used as supporting antibodies.

We performed immunofluorescence on the two transgenic cell

lines with the Exo70E2a/b antibodies and obtained a very good

colocalization between the GFP and Alexa Fluor signals (Figure

5B, e to h). We also performed immunofluorescence with the

Exo70E2a/b antibodies on wild-type cells of Arabidopsis. En-

dogenous Exo70E2was detected both at the PMand as discrete

punctae in the cytoplasm, albeit at lower levels than in the

transgenics (Figure 5C, i to k). Anti-GFP labeling did not give any

signal in wild-type Arabidopsis cells (Figure 5C, k). The average

number of EXPOs detected in transgenic Arabidopsis Exo70E2-

GFP cells (60 EXPOs per cell) was slightly higher than that

detected by the anti-E2a antibodies in wild-type Arabidopsis

cells (45 EXPOs per cell). This could be due to overexpression of

Exo70E2-GFP in transgenic cells or to the insufficiency of de-

tection by the E2a antibodies in wild-type Arabidopsis cells.

EXPOs Do Not Label with FM4-64

To determine whether EXPOs were endocytic organelles that we

had not screened for, we performed uptake experiments with the

styryl dye FM4-64. This dye initially stains the PM before being

internalized, first to the TGN/EE, then the PVC/LE before reach-

ing the tonoplast (Bolte et al., 2004). Over a 60-min time course,

FM4-64 was taken up by both transgenic cell lines and gave rise

to small fluorescent punctae. At no stage during the uptake

period with either cell line was a colocalization with EXPO

detected (Figures 6A and 6B, a to f). Moreover, although FM4-

64 is known to accumulate in the growing cell plate during

cytokinesis (Lam et al., 2008; Toyooka et al., 2009), this labeling

pattern was not shared by EXPO (Figure 6C, g).

EXPOs Are True Organelles in the Cytoplasm

Since many of the sectioned EXPOs were found in close prox-

imity to the PM, there was a possibility that some were attached

to the PM in planes above or below the section. However, serial

optical sections in the confocal laser scanning microscopy

(CLSM) confirmed the bona fide particulate nature of the EXPO

(Figure 7). This was supported by three-dimensional reconstruc-

tions (see Supplemental Movie 1 online), as well as by live time

imaging revealing themobile nature of EXPOs (see Supplemental

Movie 2 online). The most convincing evidence, however, was

provided by a three-dimensional projection (using Imaris soft-

ware) of multiple optical sections at 0.52 mm per step of a

transgenic BY-2 cell expressing Exo70E2-GFP, which had been

exposed to FM4-64 for 15 min. This enabled both FM4-64

carrying endocytic structures (TGN) and EXPO to be resolved as

Figure 3. EXPOs Are Not Affected by Secretory and Endocytosis Inhibitors in Transgenic Arabidopsis and BY-2 Cells.

Transgenic Arabidopsis (a, d, and g) and BY-2 (b, e, and h) cells expressing Exo70E2-GFP were treated with either BFA (A), wortmannin (1 h) (B), or

ConcA (2 h) (C) before observing by CLSM. As controls, transgenic BY-2 cell lines expressing either the Golgi marker ManI-GFP (c), the PVC/LE marker

GFP-BP-80 (f), or the TGN/EE marker SCAMP1-YFP (i) were used in treatments with these three drugs, respectively. Bar = 50 mm.

[See online article for color version of this figure.]
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structures separate from the PM (see Supplemental Movie 3

online).

EXPOs Are Exocytic Double Membrane Organelles

The ultrastructure of EXPO and the PM-localized Exo70E2-

positive punctae was revealed by immunogold labeling of thin

sections cut from high-pressure frozen/freeze-substituted sam-

ples of wild-type Arabidopsis cells and transgenic BY-2 cells

expressing Exo70E2-GFP using E2a and GFP antibodies, re-

spectively. Labeling on both cell types was very specific, with

gold particles being found over two types of structure. Onewas a

double membrane-bound structure similar in size to MVB/LE

(Figure 8A, a to c, and 8B, e), the contents of which was very

similar to the surrounding cytoplasm. Gold label was present on

both the inner and outer membranes. We interpret these struc-

tures as representing the EXPO in the CLSM. The other structure

was an unusual fusion-like profile at the PM (Figure 8A, d, and 8B,

f to i; see Supplemental Figures 6 and 7 online), which we

presume corresponds to the Exo70E2-positive punctae at the

PM seen in the CLSM (Figures 1 to 3; see Supplemental Figures 2

and 3 online). Since identical EXPO fusion profiles were detected

in wild-type Arabidopsis cells (see Supplemental Figures 6 and

7A online) and transgenic BY-2 cells expressing Exo70E2-GFP

(see Supplemental Figure 7B online), we can discount their

formation being solely the result of Exo70E2 overexpression. We

also detected EXPO-like structures in a number of other plant

cells (see Supplemental Figure 7C, panels c and d, online).

The fusion of the outer membrane of the EXPO with the PM

leads to the expulsion of a singlemembrane-bound structure into

the apoplast (Figure 8B, f to i; see Supplemental Figures 6 and 7

online). The inner surface of thismembrane is also labeled (Figure

8) and confirms that Exo70E2 is attached to both the inner and

outer membranes of the EXPO. Gold label was also found in the

cell wall in the vicinity of the EXPO fusion profiles (Figure 8B, i),

suggesting that Exo70E2 detaches from the surface of the inner

membrane after its release into the apoplast and bursts.

Interestingly, in both transgenic Arabidopsis and tobacco BY-2

cells expressing Exo70E2-GFP, stronger GFP signals rep-

resenting punctate EXPO are commonly visible in PM/cell wall

areas connecting two cells compared with other areas facing

directly against the media (Figure 9A, a and b). Indeed, in the EM,

single-membrane EXPOs labeled by either GFP or ExoE2 anti-

bodies are commonly found at this location in both transgenic

BY-2 and wild-type Arabidopsis cells (Figures 9B and 9C). Glanc-

ing sections through the PM allowed for a differentiation between

clathrin-coated pits and similarly sized electron-opaque Exo70E2-

positive patches in transgenic Arabidopsis cells expressing

Exo70E2-GFP using GFP antibodies (Figure 10A, a and b). We

managed to visualize these structures in cross section but were

not able to ascertain an inwardly directed membrane fold (Figure

10B, c and d). In addition, in all the immunogold EM labeling,

control experiments such as secondary antibodies did not result

in any specific labeling (see Supplemental Figure 8 online).

Antibodies directed against other exocyst proteins (Exo70A1,

Sec6, and Sec8; Hála et al., 2008) were also employed to prove

that the Exo70E2 labeling represented the exocyst complex and

not just the presence of a single protein. Of the three antibodies,

Exo70A1 gave a similar labeling pattern to that of Exo70E2

(Figure 11). Sec6 produced high background labeling, but

EXPOs were also clearly labeled. Sec8 gave only a very low

labeling, but EXPOs were nonetheless still marked (see Sup-

plemental Figure 9, panels a and b, online). When immunofluo-

rescence was performed using these antibodies in transgenic

Arabidopsis cells expressing Exo70E2-GFP, once again the

Exo70A1 antibodies largely colocalized with Exo70E2-GFP,

whereas both Sec6 and Sec 8 showed unspecific labeling (see

Supplemental Figure 10 online). This result is consistent with the

Figure 4. Immunoblot Characterization of Transgenic Arabidopsis or Tobacco BY-2 Cell Lines Expressing Exo70E2-GFP and Exo70E2.

Immunoblot analysis of proteins isolated from either transgenic cell lines (Arabidopsis and BY-2) expressing Exo70E2-GFP (E2-GFP) or their wild-type

(WT) cells using E2a/b or GFP antibodies as indicated, showing the specificity of rabbit polyclonal anti-E2a/b antibodies generated against the

N-terminal synthetic peptide or recombinant 300–amino acid N terminus of At Exo70E2, respectively. The predicted molecular masses for Exo70E2-

GFP and endogenous At Exo70E2 are ;100 and 75 kD, respectively. Both anti-E2a/b and anti-GFP recognized the full-length Exo70E2-GFP fusion

proteins in both transgenic cell lines (lanes 3 and 4, 7 and 8, 11 and 12, 15 and 16, and 19). Anti-Ea/b also detected the endogenous At Exo70E2 proteins

in both wild-type (lane 9) and transgenic (lanes 10 and 19) Arabidopsis cells. CS, cell-soluble proteins; CM, cell membrane proteins; total, total proteins.

NT, N terminus of recombinant Exo70E2; CT, C terminus of recombinant Exo70E2.
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Figure 5. Confocal Characterization of Transgenic Arabidopsis or Tobacco BY-2 Cell Lines Expressing Exo70E2-GFP and Exo70E2.

(A) The expression patterns of Exo70E2-GFP in both cell lines are similar to that seen by transient expression in protoplasts. DIC, differential

interference contrast.

(B) At Exo70E2a/b antibodies specifically recognize the Exo70E2-GFP signals in both transgenic Arabidopsis and BY-2 cell lines.

(C) At Exo70E2a/b antibodies recognize the endogenous At Ex070E2 proteins in wild-type Arabidopsis cells with similar patterns as transgenic cells

expressing Exo70E2-GFP. Bar = 50 mm.
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Figure 6. Time Course of FM4-64 Uptake in Transgenic Arabidopsis and BY-2 Cell Lines Stably Expressing Exo70E2-GFP.

FM4-64 (red) uptake study was performed in transgenic Arabidopsis or BY-2 cells expressing Exo70E2-GFP (green), followed by confocal image

collection at indicated times. At no time is there a colocalization to be seen between internalized FM4-64 and the Exo70E2-GFP signals in Arabidopsis

(A) or BY-2 (B). During cytokinesis, whereas FM4-64 intensively labels the developing cell plate, an equivalent distribution of Exo70E2 signal is not

observed (C). Arabidopsis cell line (A); tobacco BY-2 cell lines ([B] and [C]). Bar = 50 mm.
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Figure 7. EXPOs Are Cytosolic and Not Associated with the PM.

Shown are examples of series optical sections of confocal images from top to bottom of transgenicArabidopsis (A) or tobacco BY-2 cells (B) expressing

Exo70E2-GFP or BY-2 cells (C) expressing rice (Oryza sativa) SCAMP1-YFP (Lam et al., 2007), which is located in TGN and PM, as a control. Arrows and

arrowheads indicated examples of EXPO not associated with the PM. Bar = 50 mm.

[See online article for color version of this figure.]
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immuno-EM labeling and the documented specificity of these

antibodies (Hála et al., 2008).

EXPOs Are Not Autophagosomes but Sequester Cytosolic

Proteins to Release Them into the Apoplast

Because of their double membrane appearance, EXPOs are

morphologically similar to autophagosomes (Baba et al., 1994,

1995; Klionsky, 2007). We decided therefore to examine the

possibility that EXPOs are related to autophagosomes. First, we

observed no increase in numbers of EXPOnumbers in transgenic

Arabidopsis cells and BY-2 cells expressing Exo70E2-GFP as a

consequence of sucrose starvation (Figure 12A, a and b). On the

contrary, the numbers of EXPO decreased under C-starvation by

20 to 30%. Second, as seen in Figure 12B, c and d, Exo70E2

does not colocalize with Atg8e, a standard marker for the

autophagosome membrane (Yoshimoto et al., 2004; Contento

et al., 2005). Nevertheless, on the basis of expression experi-

ments conducted with the Arabidopsis protein S-adenosylme-

thionine synthetase 2 (SAMS2) (AT4G01850), it appears that

cytosolic proteins can be sequestered into the interior of the

EXPO, presumably as the membranes close. Based on software

Figure 8. EXPOs Have Two Membranes and Fuse with the PM Expelling a Single Membrane Vesicle into the Apoplast.

Immunogold labeling of sections cut from high-pressure frozen/freeze-substituted samples of wild-type Arabidopsis ([A], a to d), and transgenic

tobacco BY-2 ([B], e to i) cells. Bars = 200 nm.

(A) EXPOs are distinct in morphology fromMVBs, which do not label with Exo70E2a antibodies. Label is distributed over both membranes of the EXPO.

(B) Gallery of fusion profiles. Label is found on the inner surface of the inner vesicle and is also present in the neighboring vicinity, suggesting that the

released vesicle ultimately bursts, releasing Exo70E2 into the cell wall.
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Figure 9. Likely Nature of EXPO Release in Plant Cells.

(A) GFP-positive EXPOs are more abundant in PM/cell wall areas connecting two cells in transgenic Arabidopsis and BY-2 cells expressing Exo70E2-

GFP. Bar = 50 mm.

(B) Immuno-EM detection of released EXPOs in the apoplasts (AP; as indicated) of adjacent transgenic BY-2 cells expressing Exo70E2-GFP using high-

pressure freezing. Bar = 200 nm.

(C) Immuno-EM detection of released EXPOs in the apoplasts of adjacent wild-type Arabidopsis cells using high-pressure freezing. Bar = 200 nm.

[See online article for color version of this figure.]
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analysis, SAMS2 lacks a signal peptide and is predicted to locate

to the cytoplasm. Interestingly, although being unable to enter

the secretory pathway, it has been claimed that SAMS2 is

present in the cell wall of Arabidopsis based on proteome

analysis (Bayer et al., 2006). This is similar to SAMS3, one of

the four SAMS enzymes that convert Met to S-adenosyl Met,

which has been shown to be the major substrate for lignin

methylation in the cell wall (Shen et al., 2002). We expressed a

SAMS2-GFP construct in Arabidopsis cells and followed the

pattern of its expression over time (Figures 13A and 13B). At early

expression times (24 h after transformation), the fluorescent

signal is distributed throughout the cytoplasm but is also visible

in the matrix of the nucleus. At later expression times (48 h after

transformation), small fluorescent punctae become visible in the

the cytoplasm. No such punctate structures were visible in

protoplasts expressing as a control cytosolic yellow fluorescent

protein (YFP) at these two stages (Figure 13A, b). When coex-

pressed with Exo70E2-mRFP, SAMS2-GFP remained cytosolic

at early stages but showed punctate at later stages, and these

punctae colocalized with Exo70E2-mRFP (Figure 13B).

We have not been able to detect SAMS2 extracellularly via

transient expression in protoplasts. This could either be due to

low expression levels or to the low transformation efficiency of

protoplasts. Rapid degradation of SAMS2 in the medium can

Figure 10. Immunogold Labeling of EXPO/PM Fusions.

(A) Tangential sections through the PM–cell wall interface showing that clathrin-coated pits (CCPs) are separate from GFP antibody–labeled electron

opaque patches.

(B) Cross sections through the PM–cell wall interface. The Exo70E2-positive patches do not reveal clearly fusion profiles. We interpret these as being

the remains of fusions, where exocyst molecules are still attached to the PM.

Bars = 200 nm.

4020 The Plant Cell



also not be excluded. However, we have obtained evidence for

the presence of Exo70E2 in the culture medium. Samples were

taken from Arabidopsis cell cultures expressing Exo70E2-GFP

over a 7-d period, and the cells separated from the medium by

centrifugation. Immunoblots were made of intracellular proteins

(I) and medium secretion (S) proteins using the E2a antibodies.

As seen in Figure 13C, a band for Exo70E2-GFP at ;100 kD

became visible in the medium extracts after 5 d of culture, and

its intensity increased at 7 d (Figure 13C). The detection of

Exo70E2-GFP in the media is not due to broken cells because

the other antibodies tested (anti-Man1, anti-TUB, and anti-VSR)

did not detect any corresponding proteins in the culture medium

of day 7 Arabidopsis Exo70E2-GFP cells (see Supplemental

Figure 11 online). Tubulin (TUB) was used as a control for cy-

tosolic proteins because it is a major cytosolic protein whose

assembly into microtubules is critical to many cellular processes

(Yaffe et al., 1992). In addition, when identical experiments were

performed for transgenic BY-2 cells expressing SCAMP-YFP

or GFP-BP-80 cells (Lam et al., 2007), no GFP fusions were

detected in the culture media (data not shown).

To determine if EXPO reaches the outside of the cells after

fusion and release from the PM, we performed an experiment in

which day 3 transgenic tobacco BY-2 or Arabidopsis cells ex-

pressing Exo70E2-GFP were first subjected to an osmotic treat-

ment with 250 mMNaCl solution for 10 min so that the PMwould

retract from the cell wall, followed by confocal imaging. As shown

Figure 11. EXPOs Are Also Labeled by Exo70A1 Antibodies in Wild-Type Arabidopsis Cells.

Immunogold labeling of sections cut from high-pressure frozen/freeze-substituted samples of Arabidopsis cells using Exo70A1 antibodies, with similar

labeling patterns as that of Exo70E2a. Bars = 200 nm.
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in Figure 14, many small punctate fluorescent structures were

seen close to the cell wall but clearly separated from the PM

(Figure 14B, indicated by arrows). We believe that they represent

released single membrane–bound EXPO that are in the process

of bursting because the intensity of the fluorescent signals was

generally weaker than the EXPO inside the cells or those

remaining PM associated. This result demonstrated that EXPO

did reach outside of the PM, which is different from transgenic

BY-2 cells expressing the PM/TGN-localized SCAMP1-GFP,

where this GFP fusion remained in the PM after similar osmotic

treatment (Lam et al., 2007). In addition, when an identical

experiment was performed for transgenic BY-2 cells expressing

the Golgi marker Man1-GFP, no punctate GFP signal represent-

ing Golgi organelle was observed outside of the PM (data not

shown), again indicating that the observed secretion of EXPO is

specific for Exo70E2-GFP.

Since Exo70E2 is highly expressed in suspension culture cells

based on microarray data analysis (Synek et al., 2006), it is thus

not surprising that EXPOs are commonly found in both BY-2

and Arabidopsis culture cells. EXPOs are also found in other

cell types, as seen from immune-EM and structural EM stud-

ies (see Supplemental Figure 7 online). To have a better picture

of the existence and abundance of EXPO in other cell types,

we also performed confocal immunofluorescent labeling with

Exo70E2a antibodies in Arabidopsis root tip cells. As shown in

Figure 15, E2a antibodies labeled many EXPOs in both Arabi-

dopsis root tip cells (Figure 15A) and root hair cells (Figures 15B

to 15E), with almost identical punctate patterns in both cytosol

and close to PM as seen in suspension culture cells. In addition,

many EXPOs in the process of fusing with the PM are also

clearly found in tobacco pollen grains (Figure 15F). These re-

sults demonstrate that EXPOs are not only present in culture

Figure 12. EXPOs Are Not Induced by Sucrose Starvation and Are Distinct from an Autophagy Marker.

(A) Shown are representative examples of transgenic Arabidopsis and BY-2 cells expressing Exo70E2-GFP under normal and starvation cultured

conditions after 24 h.

(B) Separation of Exo70E2-mRFP from the autophagy marker YFP-Atg8e in wild-type Arabidopsis protoplasts. Bar = 50 mm.
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cells but are also abundantly seen in other plant cell types,

including root tip cells, root hair cells, and pollen grains. Taken

together, our results support a model of double-membrane

EXPO formation in the cytosol, fusion with the PM, and release

of single-membrane EXPOs outside of the cell. Bursting of

single-membrane EXPOs in the harsh environment completes

the transport or secretion of cytosolic contents into cell exterior

(Figure 16).

DISCUSSION

Exocyst and EXPO

Together with COG, GARP, HOPS, and TRAPP, the exocyst

belongs to the subgroup of vesicle tethering factors that are

multimeric protein complexes (Sztul and Lupashin, 2006; Cai

et al., 2007). Since these tethering complexes are evolutionary

Figure 13. EXPO Sequesters Cytosolic SAMS2-GFP in Arabidopsis Protoplasts.

(A) When transiently expressed in Arabidopsis protoplasts, SAMS2-GFP showed cytosol and nucleus patterns at early stages (24 h) but became

punctate at later stages (a; 48 h). By contrast, YFP remained cytosolic in both stages (b).

(B) When coexpressed with Exo70E2-mRFP in Arabidopsis protoplasts, SAMS2-GFP showed cytosol and nucleus patterns at early stages (c), but at

later stages, SAMS2-GFP became colocalized with Exo70E2-mRFP in EXPO (d). Bar = 50 mm.

(C) Immunoblot detection of Exo70E2-GFP proteins in the culture medium of transgenic Arabidopsis cells expressing Exo70E2-GFP. S, secretion

medium proteins; I, intracellular proteins; day, days after subculture.

EXPO and Plant Exocytosis 4023



conserved (Koumandou et al., 2007), their presence in plants

should not come as a surprise. Indeed, considerable data have

accumulated over the last 5 years that confirm the existence of

the exocyst in plants and its importance for polarized plant

growth (Zárský et al., 2009). Not only has in silico research

resulted in the identification of homologs of all exocyst subunits

(Elias et al., 2003; Synek et al., 2006; Chong et al., 2010), but a

900-kD complex containing seven of the eight exocyst subunits

has recently been successfully identified fromanArabidopsis cell

extract (Hála et al., 2008). Moreover, a number of studies have

described the deleterious effects on growth, especially localized

tip growth in pollen tubes and root hairs in plants expressing

mutant exocyst proteins (Cole et al., 2005; Wen et al., 2005;

Synek et al., 2006; Hála et al., 2008; Samuel et al., 2009).

The subcellular localization of exocyst subunit proteins in

plants has been performed on two previous occasions using

fluorescence microscopy. Hála et al. (2008) showed by immu-

nofluorescence microscopy that Arabidopsis Sec6, Sec8, and

Exo70A1-positive structures accumulated at the tips of growing

pollen tubes. Discrete punctae at the PM were also reported but

not shown.Most recently, Chong et al. (2010) looked at the short-

term (6 h) expression of GFP-tagged (N-terminal) Arabidopsis

Sec5a, Sec6, Sec8, Sec15a, Sec15b, and Exo84b in tobacco

BY-2 cells. While Sec6 and Sec8 gave rise to cytosolic signals,

Sec5a, Sec15a, Sec15b, and Exo84b localized to punctae within

the cytosol. These authors also performed immunofluorescence

on cells coexpressingGFP-taggedmarkers for the TGN andPVC

(Syp21, Syp42, and Syp52), together with myc-tagged Sec15b

and Exo70E2. Based on the images presented, they claimed to

have visualized “significant overlapping patterns of localization”

between the exocyst proteins and the endosomal markers.

Curiously, no labeling of the PM was seen.

Our fluorescence microscopy data on the localization of

Exo70E2 is at considerable variance to the results of Chong

et al. (2010). Not only were we able to visualize Exo70E2 as

discrete punctae in cells expressing (X)FP-tagged constructs,

but a punctate distribution was also revealed in immunofluo-

rescence. Significantly, Exo70E2 was also present at the PM,

again in the form of discrete punctae. Our studies with stan-

dard endomembrane markers also ruled out the localization of

Exo70E2 to the Golgi apparatus, the TGN/EE, and the PVC/LE.

Significantly, the Exo70E2-positive structures, which we termed

EXPOs, did not label with the endocytic dye FM4-64 and did not

respond to inhibitors of secretion or endocytosis. However,

these unusual features conform with the novel ultrastructure of

EXPO and EXPO fusion profiles as revealed in immunogold

labeled sections taken from high-pressure frozen samples.

We wondered why EXPO-like structures have not previously

been reported in the plant literature, even though high-pressure

freezing/freeze substitution is no longer that uncommon. How-

ever, we would like to point to two early articles where freeze

fracturing was performed after rapid freezing (both propane

jet and high-pressure freezing) of suspension-cultured cells

(Staehelin and Chapman, 1987) and root tips (Craig and Staehelin,

1988). In both cell types, novel circular, sometimes horseshoe like,

indentations in the PM were visualized. These structures were

clearly different from clathrin-coated pits. We think that these

might possibly represent images of EXPOs fusing with the PM.

Although there are several reports that exocyst proteins localize

to the TGN and recycling endosomes (see Introduction), the

great majority of the articles dealing with exocyst in yeast and

mammalian cells places this tethering factor at the PM (He and

Guo, 2009; Orlando and Guo, 2009). In keeping with this, we

would maintain that plant EXPOs are also principally exocytic in

Figure 14. EXPOs Are Detected Outside the PM in Transgenic Cells.

Transgenic tobacco BY-2 or Arabidopsis cells expressing Exo70E2-GFP were first subjected to osmotic treatment with 250 mM NaCl for 10 min,

followed by confocal imaging. Untreated cells were included as controls. Bars = 50 mm.

[See online article for color version of this figure.]
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function. Our study also shows that, in addition to suspension

culture cells, EXPOs are also present in pollen, root tip, and root

hair cells.

Are EXPOs Related to Autophagosomes?

Double-membraned structures encapsulating cytosol and or-

ganelles are well known as autophagosomes that develop in

mammalian cells in response to starvation (Xie and Klionsky,

2007; Kirkin et al., 2009). Much smaller structures are also

present as cytoplasm-to-vacuole-targeting vesicles in wild-type

yeast cells (Baba et al., 1997) but enlarge to form autophago-

somes upon nutrient depletion (Kraft et al., 2009). Autophago-

somes have also been reported in plants (Bassham, 2009). Their

origin has been something of a mystery for a number of years (for

review, seeReggiori, 2006; Yoshimori andNoda, 2008), but recent

EM tomography studies on mammalian cells have now provided

conclusive evidence for a connection to the ER (Hayashi-Nishino

et al., 2009; Ylä-Anttila et al., 2009). Usually, autophagosomes

ultimately fuse with a lytic compartment: either the lysosome or

the vacuole. However, two recent articles reported on a novel

autophagosome-mediated secretion of acyl-CoA binding protein,

which occurswhen yeast orDictyostelium cells are starved (Duran

et al., 2010; Manjithaya et al., 2010). These autophagosomes fuse

first with recycling endosomes in a GRASP (Golgi reassembly and

stacking protein) dependent manner, and the resulting multive-

sicular carriers then fuse with the PM.

EXPOs are also structures with two membranes, but they do

not fuse with the tonoplast. Furthermore, they do not colocalize

with the phagophore marker Atg8e and do not label with FM4-64

unlike yeast autophagosomes (Journo et al., 2008). Since EXPOs

do not alter in number when the cells are subjected to starvation,

we do not consider them to be autophagic in character. On the

other hand, the presence of Exo70E2 on both the inner and outer

membranes of the EXPO suggests that EXPO develops like an

autophagosome by starting out as a phagophore-like structure.

Such a structure is exposed to the cytosol on both membrane

surfaces, to which Exo70E2 would attach. Upon closure of the

Figure 15. Immunofluorescent and Structural EM Detection of EXPO in Other Cell Types.

(A) Shown are examples of EXPO detected by anti-Exo70E2a antibodies in wild-type Arabidopsis root tip cells (a) and root hair cells (b to e). Bars =

50 mm.

(B) Structural EM detection of EXPO in an ultrathin section prepared from high-pressure freezing/frozen-substituted wild-type tobacco pollen grains.

Arrows indicated examples of EXPO. Bars = 2 mm.

[See online article for color version of this figure.]
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phagophore, an autophagosome-like structure would be formed

withExo70E2onboth the cytosolic surface of the outermembrane

as well as the inner surface of the inner membrane (Figure 16).

EXPOs and Exosomes: Agents of Unconventional Secretion

Vesicles released from cells are termed exosomes. Usually, they

are expelled to the cell surface through the fusionofmultivesicular

endosomes with the PM, a phenomenon well described in mam-

malian cells (Février and Raposo, 2004; Simons and Raposo,

2009), but also reported in plants (An et al., 2007). Whereas clear

functions have been ascribed to this form of unconventional

secretion in mammals, such as recycling of transferrin and its

receptor (Harding et al., 1984; Pan et al., 1985) and antigen

presentation (Denzer et al., 2000; Van Niel et al., 2003), the nature

of themolecules released throughmultivesicular body-PM fusion

in plants in still unclear, although there seems to be a connection

to the plant pathogen response (An et al., 2007). In this regard,

EXPO-mediated exocytosis might be responsible for the secre-

tion of apoplastic mannitol dehydrogenase upon salicylic acid

treatment in plant cells (Cheng et al., 2009).

EXPO is distinct from amultivesicular body and does not lie on

the endocytic pathway, but broadly speaking, the internal vesicle

of the EXPO when released into the apoplast through fusion of

the EXPO with the PM is also an exosome. Our demonstration

that a soluble protein without a signal peptide (SAMS2) is se-

questered by EXPO suggests that EXPO serves to release

proteins into the apoplast that cannot enter the secretory path-

way. The physiological significance of this unconventional de-

livery mechanism remains to be ascertained. Purification and

proteomic analysis of isolated EXPO from plant cells will allow

the identification and characterization of EXPO proteins in the

future, which will certainly shed light on the biological signifi-

cance of EXPO-mediated secretion in plants.

METHODS

General methods for the construction and characterization of recombi-

nant plasmids, maintenance of tobacco (Nicotiana tabacum) BY-2 and

Arabidopsis thaliana suspension culture cells, and preparation and char-

acterization of antibodies have been described previously (Jiang and

Rogers, 1998; Jiang et al., 2000, 2001; Tse et al., 2004).

Plasmid Construction

The full-length At Exo70E2 cDNA was amplified by PCR using the cDNA

obtained fromRIKENGenomic Science Center (Seki et al., 1998, 2002) as

template and the primer sets listed in Supplemental Table 1 online. The

amplified Exo70E2 cDNA fragments were inserted into a premade GFP

vector in pBI221 via XbaI and XhoI restriction enzyme sites to generate

AtExo70E2-GFP and GFP-AtExo70E2, respectively, and used for tran-

sient expression. Monomeric RFP (mRFP) versions of the AtExo70E2

construct were generated similarly. For Agrobacterium tumefaciens–

mediated transformation of tobacco BY-2 and Arabidopsis suspension

culture cells, the Exo70E2-GFP cDNA fragment was cut out using ScaI

and EcoRI restriction enzymes and cloned into the binary vector pBI121

(Chen et al., 2003) via the same restriction sites.

Cloning and Screening of Different Predicted Members of

Arabidopsis Exo70s

The full-length cDNAs of Arabidopsis Exo70A1, Exo70B1, Exo70B2,

Exo70D1, Exo70D2, Exo70E1, and Exo70F1 were amplified using their

corresponding cDNAs obtained from RIKEN Genomic Science Center

(Seki et al., 1998, 2002) as templates and the primer sets listed in

Supplemental Table 1 online. The amplified fragments were cloned into

the pBI221-GFP vector using specific restriction cutting sites to generate

various Exo70s-GFP fusion constructs for transient expression.

Transient Expression and Transformation of Tobacco BY-2 and

Arabidopsis Cells

Transient expression using Arabidopsis protoplasts has been described

previously (Miao and Jiang, 2007). Transformation and generation of

transgenic tobacco BY-2 cells have also been described (Tse et al., 2004;

Lam et al., 2007). For the generation of transgenic Arabidopsis cells,

Arabidopsis cells were maintained in Murashige and Skoog (MS; Sigma-

Aldrich) medium at 228C in an orbital shaker set at 130 rpm and

subcultured once a week. Agrobacterium-transfected Arabidopsis cells

were transferred into a CELLSTAR six-well cell culture plate (Greiner Bio-

One) and shaken at 258C in an orbital shaker setting at 130 rpm for 2 d.

After washing with fresh MS medium three times, the transfected cells

Figure 16. Working Model of EXPO in Plant Cells.

Illustration depicting the relationship between Exo70E2, and double-membrane EXPO, their fusion with the PM, and release and bursting of the single-

membrane EXPO in the harsh environment to complete the unconventional secretion. Meanwhile, cytosolic protein SAMS2 is sequestered by EXPO and

finally reaches the cell wall.

[See online article for color version of this figure.]
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were transferred onto MS agar (1% agar, w/v) plates containing kana-

mycin (100 mg/mL) and cefotaxime sodium (250 mg/mL) for 3 to 4 weeks

until transformed colonies formed. Subsequent screening and mainte-

nance of transformed colonies were as previously described (Tse et al.,

2004; Lam et al., 2007).

Antibodies

A synthetic peptide (CQHKRHVQPDYLAVSSRRKD)within theN terminus

ofArabidopsisExo70E2was synthesized (GenScript) and used as antigen

to raise antibodies as described previously (Rogers et al., 1997; Tse et al.,

2004; Lam et al., 2007). Similarly, the Escherichia coli–derived recombi-

nant N terminus and C terminus of Exo70E2 were also used as antigens

for antibody generation. Only affinity-purified E2 antibodies were used in

this study. Polyclonal antibodies against VSRAt-1 and ManI were de-

scribed previously (Tse et al., 2004). The Arabidopsis SYP61 antibodies

were kindly provided by Natasha Raikhel (University of California, River-

side, CA). The Arabidopsis Exo70A1, Sec6, and Sec8 antibodies were

kindly provided by Viktor Zarsky (Prague, Czech Republic). For immuno-

blotting and confocal immunofluorescent analysis, antibodies were used

at 4 mg/mL (Wang et al., 2007, 2009). Polyclonal Alexa Fluor-568 anti-

rabbit antibodies (Molecular Probes) were used as secondary antibodies

for immunofluorescent detection.

Immunofluorescent Studies

Fixation and preparation of tobacco BY-2, Arabidopsis cells, and Arabi-

dopsis seedlings and their labeling and analysis by confocal immunoflu-

orescence have been described previously (Jiang and Rogers, 1998;

Jiang et al., 2000; Ritzenthaler et al., 2002; Tse et al., 2004; Lam et al.,

2007). Confocal fluorescent images were collected using an Olympus

FluoView FV1000 confocal microscope with 360 water lens or Leica

TCS SP5 II confocal microscope with 363 water lens. The settings for

collecting confocal images and processing of images using Adobe

Photoshop software were described previously (Jiang andRogers, 1998).

FM4-64 Uptake Study

The two transgenic Arabidopsis and BY-2 cell lines expressing Exo70E2-

GFP were used in the FM4-64 uptake study. FM4-64 uptake experiments

were performed as previously described (Tse et al., 2004; Lam et al.,

2007, 2008). Images were collected at different time points as indicated.

Expression and Purification of Recombinant Protein

Exo70E2 was split into two parts: the N terminus (first 300 amino acids

from N terminus) and the C terminus (the remaining protein sequence).

Both the N and C termini of Exo70E2 were amplified by PCR using

Exo70E2-GFP as template and the primer sets listed in Supplemental

Table 1 online. These amplified fragments were inserted into pET30a (+)

vector via the EcoRI and XhoI restriction sites and then transferred into

E. coli strain BL21 for expression. The expressed recombinant proteins

were harvested by sonicating the cell pellets in cell lysis buffer (20 mM

sodium phosphate, 0.5 M NaCl, 1 mM EDTA, 0.1% Triton X-100, 0.1%

Nonidet P-40, 1 mM PMSF, and 1 mM TCEP, pH 7.0) for 10 min and

centrifuged at 12,000g for 15 min to collect the supernatants. The super-

natants were then purified using a HiTrap IMAC HP column (GE Health-

care) coated with nickel(II) sulfate hexahydrate.

Drug Treatments

BFA and wortmannin treatment experiments were performed as previ-

ously described (Tse et al., 2004;Miao et al., 2006; Lam et al., 2007;Wang

et al., 2010). For ConcA experiments, aliquots of ConcA (stock solution at

1 mM in DMSO) solution were added to Arabidopsis protoplasts to give

the final concentration of 2 mM after electroporation and protoplasts

incubation. These drug-treated cells were then removed from the cul-

tures at indicated times for direct confocal imaging. Similar BFA and

wortmannin treatments were done for transgenic cell lines, but cells

were with ConcA at 2 mM for 2 h.

Osmotic Treatments of Culture Cells

Day 3 transgenic tobaccoBY-2 orArabidopsis cells expressing Exo70E2-

GFP were first washed with fresh culture medium (pH 7.5) twice, followed

by culture in freshmedium for 2 h, prior to osmotic treatment with 250mM

NaCl solution for 10 min and confocal imaging.

EM of Resin-Embedded Cells

The general procedures for transmission electron microscopy sample

preparation and thin sectioning of samples of BY-2 and Arabidopsis cells

were performed essentially as described previously (Ritzenthaler et al.,

2002; Tse et al., 2004; Lam et al., 2007). For high-pressure freezing, BY-2

and Arabidopsis cells were harvested by filtering and immediately frozen

in a high-pressure freezing apparatus (Leica EM Part2 and Bal-Tec

HPM010). Immunolabeling on HM20 sections was done using standard

procedures as described previously (Tse et al., 2004) with Exo70E2a

antibodies at 65 mg/mL and gold-coupled secondary antibodies at 1:50

dilution. Sections were poststained with aqueous uranyl acetate/lead

citrate and then examined with a either a Hitachi H7650 transmission

electron microscope (Hitachi High-Technologies) with MacroFire mono-

chrome CCD camera (Optronics) operating at 80 kV described previously

(Tse et al., 2004; Wang et al., 2007) or a JEM1400 (JEOL) with images

recorded with a FastScan F214 digital camera (TVIPS).

Confocal Imaging for Three-Dimensional Projection Using Imaris

TransgenicBY-2 cells expressing Exo70E2-GFPwere stainedwith FM4-64

for 15min andwashed twice with freshmediumbefore confocal imaging of

multiple optical sections at 0.52 mm per step at z axis and used for three-

dimensional movie construction using Imaris software (Bitplane).

Secretion Assay and Immunoblot Analysis

Secretion assay was performed as described previously (Suen et al.,

2010). Intracellular and medium proteins were prepared from different

subculture days of transgenic Arabidopsis cells expressing Exo70E2-

GFP, followed by protein separation via SDS-PAGE and immunoblot

analysis using either GFP or E2 or other control antibodies as indicated.

For regular immunoblot analysis of cells, cell-soluble and cell membrane

protein fractions were prepared as previously described (Jiang and

Rogers, 1998), followed by protein separation via SDS-PAGE and immu-

noblot analysis using the appropriate antibodies at 4 mg/mL.

Accession Numbers

Sequence data for different At Exo70s cDNAs can be found in the

GenBank/EMBL data libraries under following accession numbers.

Arabidopsis Genome Initiative codes for Arabidopsis loci are also pro-

vided in parentheses: At Exo70A1, NM_120434 (At5g03540), At Exo70B1

NM_125229 (At5g58430), At Exo70B2 NM_100573 (At1g07000), At

Exo70D1 NM_105906 (At1g72470), At Exo70D2 NM_104286 (At1g54090),

At Exo70E1 NM_113866 (At3g29400), At Exo70E2 NM_001037039

(At5g61010) and At Exo70F1 NM_124420 (At5g50380), as well as At

SAM2 (AT4G01850).
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The following materials are available in the online version of this article.

Supplemental Figure 1. Transient Expression of Various GFP Fu-

sions with Selected Members of Exo70.

Supplemental Figure 2. Colocalization of Pairs of Exo70-XFP Fu-

sions.

Supplemental Figure 3. The TGN Marker SYP42 Is Separated from

Exo70E2-mRFP in Arabidopsis Protoplasts.

Supplemental Figure 4. Exo70-GFP–Positive Organelles Are Distinct

from Known Secretory Compartments.

Supplemental Figure 5. Immunoblot Characterization of Endoge-

nous Exo70E2 Proteins in Wild-Type Arabidopsis Cells.

Supplemental Figure 6. Ultrastructure and Fusion Nature of EXPO in

Wild-Type Arabidopsis Suspension Culture Cells.

Supplemental Figure 7. Ultrastructure of EXPO in Plant Cells.

Supplemental Figure 8. Immuno-EM Controls.

Supplemental Figure 9. EXPOs Are Also Labeled by Sec6 and Sec8

Antibodies in Arabidopsis Cells.

Supplemental Figure 10. Immunofluorescence of Exo70E2-GFP

Arabidopsis Transgenic Cells Using Different Exocyst Subunit Anti-

bodies.

Supplemental Figure 11. Immunoblot Detection of Endogenous

Arabidopsis Proteins.

Supplemental Table 1. Primers Used in This Study.

Supplemental Movie 1. Three-Dimensional Image of a Transgenic

Tobacco BY-2 Cell Expressing Exo70E2-GFP, Showing the Existence

of Two Populations of GFP-Positive EXPOs in the Cytosol and Close

to the Plasma Membrane.

Supplemental Movie 2. Dynamics of Exo70E2-GFP–Marked EXPO in

Transgenic BY-2 Cells.

Supplemental Movie 3. Three-Dimensional Image Animation of a

Transgenic Arabidopsis Cell Expressing Exo70E2-GFP, Showing the

Cytosolic Organelle Nature of Some Internal GFP-Positive EXPOs.
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Zárský, V. (2006). AtEXO70A1, a member of a family of putative

exocyst subunits specifically expanded in land plants, is important for

polar growth and plant development. Plant J. 48: 54–72.

Sztul, E., and Lupashin, V. (2006). Role of tethering factors in secretory

membrane traffic. Am. J. Physiol. Cell Physiol. 290: C11–C26.

Teh, O.K., and Moore, I. (2007). An ARF-GEF acting at the Golgi and in

selective endocytosis in polarized plant cells. Nature 448: 493–496.

TerBush, D.R., Maurice, T., Roth, D., and Novick, P. (1996). The

Exocyst is a multiprotein complex required for exocytosis in Saccha-

romyces cerevisiae. EMBO J. 15: 6483–6494.

TerBush, D.R., and Novick, P. (1995). Sec6, Sec8, and Sec15 are

components of a multisubunit complex which localizes to small bud

tips in Saccharomyces cerevisiae. J. Cell Biol. 130: 299–312.

Toyooka, K., Goto, Y., Asatsuma, S., Koizumi, M., Mitsui, T., and

Matsuoka, K. (2009). A mobile secretory vesicle cluster involved in

mass transport from the Golgi to the plant cell exterior. Plant Cell 21:

1212–1229.

Tse, Y.C., Mo, B., Hillmer, S., Zhao, M., Lo, S.W., Robinson, D.G.,

and Jiang, L. (2004). Identification of multivesicular bodies as

prevacuolar compartments in Nicotiana tabacum BY-2 cells. Plant

Cell 16: 672–693.

Uemura, T., Ueda, T., Ohniwa, R.L., Nakano, A., Takeyasu, K., and

Sato, M.H. (2004). Systematic analysis of SNARE molecules in

Arabidopsis: Dissection of the post-Golgi network in plant cells. Cell

Struct. Funct. 29: 49–65.

Van Niel, G., Mallegol, J., Bevilacqua, C., Candalh, C., Brugière, S.,

Tomaskovic-Crook, E., Heath, J.K., Cerf-Bensussan, N., and

Heyman, M. (2003). Intestinal epithelial exosomes carry MHC class

II/peptides able to inform the immune system in mice. Gut 52: 1690–

1697.

Wang, H., Tse, Y.C., Law, A.H., Sun, S.S., Sun, Y.B., Xu, Z.F., Hillmer,

S., Robinson, D.G., and Jiang, L. (2010). Vacuolar sorting receptors

(VSRs) and secretory carrier membrane proteins (SCAMPs) are es-

sential for pollen tube growth. Plant J. 61: 826–838.

Wang, J., Cai, Y., Miao, Y., Lam, S.K., and Jiang, L. (2009).

Wortmannin induces homotypic fusion of plant prevacuolar compart-

ments. J. Exp. Bot. 60: 3075–3083.

Wang, J., Li, Y., Lo, S.W., Hillmer, S., Sun, S.S., Robinson, D.G., and

Jiang, L. (2007). Protein mobilization in germinating mung bean seeds

involves vacuolar sorting receptors and multivesicular bodies. Plant

Physiol. 143: 1628–1639.

Wen, T.J., Hochholdinger, F., Sauer, M., Bruce, W., and Schnable,

P.S. (2005). The roothairless1 gene of maize encodes a homolog of

sec3, which is involved in polar exocytosis. Plant Physiol. 138: 1637–

1643.

Xie, Z., and Klionsky, D.J. (2007). Autophagosome formation: Core

machinery and adaptations. Nat. Cell Biol. 9: 1102–1109.

Yaffe, M.B., Farr, G.W., Miklos, D., Horwich, A.L., Sternlicht, M.L.,

and Sternlicht, H. (1992). TCP1 complex is a molecular chaperone in

tubulin biogenesis. Nature 358: 245–248.

Yeaman, C., Grindstaff, K.K., Wright, J.R., and Nelson, W.J. (2001).

Sec6/8 complexes on trans-Golgi network and plasma membrane

regulate late stages of exocytosis in mammalian cells. J. Cell Biol.

155: 593–604.
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